Six-dimensional quantum dynamical calculations are presented for the reaction of (v, j) H 2 on Cu͑100͒, at normal incidence, for vϭ0 -1 and jϭ0 -5. The dynamical calculations employed a potential energy surface computed with density functional theory, using the generalized gradient approximation and a slab representation for the adsorbate-substrate system. The aim of the calculations was to establish signatures from which experiments could determine the dominant reaction site of H 2 on the surface and the dependence of the reaction site on the initial rovibrational state of H 2 . Two types of signatures were found. First, we predict that, at energies near threshold, the reaction of (vϭ1) H 2 is rotationally enhanced, because it takes place at the top site, which has an especially late barrier and a reaction path with a high curvature. On the other hand, we predict the reaction to be almost independent of j for (vϭ0) H 2 , which reacts at the bridge site. Second, we predict that, at collision energies slightly above threshold for which the reaction probabilities of the (vϭ0) and (vϭ1) states are comparable, the rotational quadrupole alignment of (vϭ1) reacting molecules should be larger than that of (vϭ0) reacting molecules, for jϭ1, 4, and 5. For ( j ϭ2) H 2 , the opposite should be true, and for ( jϭ3) H 2 , the rotational quadrupole alignment should be approximately equal for (vϭ1) and (vϭ0) H 2 . These differences can all be explained by the difference in the predicted reaction site for (vϭ1) and (vϭ0) H 2 ͑top and bridge͒ and by the differences in the anisotropy of the potential at the reaction barrier geometries associated with these sites. Our predictions can be tested in associative desorption experiments, using currently available experimental techniques.
I. INTRODUCTION
The dissociation of H 2 on Cu is a benchmark system for activated surface reactions 1 and has been labeled a ''springboard for new ideas on molecule-surface reactions.'' 2 Many experimental and theoretical 24 -56 studies have been performed on this system, but much remains to be learned.
In the past two decades, progress in the unraveling of H 2 ϩmetal-surface reactions has been enormous both for theory 24 -73 and experiments. Molecular-beam experiments yield reaction probabilities 11, 12, 21 and inelastic scattering probabilities 17, 18, 24 that are resolved with respect to the collision energy. With the use of stimulated Raman pumping in molecular-beam experiments, the scattering of H 2 from a specified initial (vϭ1, j) level can now be investigated for reactive surfaces. 17, 18, 24 Invoking detailed balance, relative reaction probabilities can be obtained from associative desorption experiments. 12, 22, 23 Using state-selective detection in combination with time-of-flight techniques, such experiments 12 can now determine energy-resolved relative reaction probabilities which are initial-state selected with respect to both the vibrational state (v) and rotational level ( j). Associative desorption experiments can also determine the influence on reaction of the molecule's alignment with respect to the surface by measuring the rotational quadrupole alignment A 0 (2) (v, j) of the angular momentum of the desorbing molecules. [13] [14] [15] [16] Theory can now also make important contributions. Reduced-dimensionality theoretical studies on similar systems and models 25, 34, [37] [38] [39] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [55] [56] [57] [58] 69, 72 have revealed interesting effects like the vibrational enhancement of the reaction, 40, 41, 46, 52 the effect on the reaction of the corrugation of the potential energy surface ͑PES͒, 47 and the effects of the alignment of the incident H 2 molecule. 34, 39, [42] [43] [44] 47, 48 These calculations and classical trajectory studies 74, 75 suggested that in order to obtain quantitatively accurate reaction probabilities, a six-dimensional ͑6D͒ quantum study would be needed. This was confirmed in one of the first 6D quantum studies. 31 In such 6D calculations, the motion in all six degrees of freedom of the incident molecule is modeled without approximation.
Thanks to the improved accuracy of density functional theory 76, 77 ͑DFT͒ for determining potential energy surfaces ͑PESs͒ for H 2 ϩmetal systems, 26,78 -80 6D quantum dynamical calculations now yield quantitatively accurate results 26, 67, [81] [82] [83] and are starting to offer a structured procedure for obtaining predictions for experiments. 26, 35, 59, 66, 83 In one case, the calculations 66 actually challenged the results of older experiments, 8, 10 with newer experiments confirming the validity of the theoretical results. 59 Although 6D calculations have been performed for H 2 ϩPd(100) ͑Refs. 60-67͒, using a time-independent method, and for H 2 ϩCu(100) ͑Refs. 26, 28 -31, and 35͒ and H 2 ϩCu(111) ͑Refs. 32 and 33͒, using time-dependent methods, 6D quantum dynamical calculations still represent a formidable task, requiring the use of super computers and specialized codes.
In recent 6D quantum dynamical studies of the H 2 ϩCu(100) system, a new flux-based method was used to obtain site-specific reaction probabilities for a range of initial rovibrational states of H 2 (vϭ0, 1, jϭ0, 1, 4, with m j ϭ0 -j). 26, 27 These studies showed that for low incidence energies the reaction does not always occur at the site with the minimum barrier height. Depending on the initial rovibrational state of the H 2 molecule, the dissociation can take place almost exclusively on sites with higher barriers, with total reaction probabilities of the order of 5%. Furthermore, both studies also suggested an experimental signature of the dependence of the preferred reaction site on the initial vibrational state of the molecule. Specifically, it was noted that the rotational quadrupole alignment A 0 (2) (E;v, j) of (vϭ1, jϭ4) H 2 should be fairly high compared to the alignment of (vϭ0, jϭ4) H 2 at low translational energies where the total reaction probability is around 5%. The measurement of this effect would confirm our prediction and therefore support our finding that (vϭ1) H 2 reacts at the top site and (v ϭ0) H 2 at the bridge site. 26, 27 The aims of the present study are to see whether the alignment signature for the reaction site previously found for ( jϭ4) also holds for other low j values and to find additional signatures for the site-specific reaction. To achieve these goals, calculations were performed on the scattering of (v, j,m j ) H 2 from Cu͑100͒ for vϭ0 -1 and jϭ0 -5. Our calculations will show that the alignment signature previously found for ( jϭ4) H 2 also holds for ( jϭ1) and ( j ϭ5) H 2 , but that the differences between the rotational quadrupole alignment of (vϭ1) and (vϭ0) reacting H 2 are related to the preferred reaction sites of (vϭ1) and (v ϭ0) H 2 in a different way for ( jϭ2) and ( jϭ3). We will show that the trends in the alignment of the reacting molecules can be explained by steric hindering effects and an inelastic rotational enhancement effect, in which the molecule transfers energy from its rotation to motion along the reaction path via a rotationally inelastic mechanism.
Our calculations will also show a second signature for the site-specific reaction. This is related to the j dependence of the degeneracy-averaged reaction probabilities, which differs for (vϭ1) and (vϭ0) H 2 . We will show that another rotational enhancement mechanism ͑elastic rotational enhancement, in which the energy transfer from rotation to motion along the reaction path occurs because the molecule's rotational constant is lower at the barrier than in the gas phase͒ is largely responsible for this.
Section II discusses the system and the dynamical methods we use. In Sec. III the PES is discussed and computational details are given in Sec. IV. Degeneracy-averaged and site-specific degeneracy-averaged reaction probabilities will be presented and discussed in Sec. V A. The question of whether the previously found rotational quadrupole alignment signature holds for all low j ( jϭ1 -5) will be discussed in Sec. V B. Results for the two experimental signatures found are summarized in Sec. VI.
II. DYNAMICAL METHOD

A. Model
The results of this study are based on a 6D symmetryadapted close-coupling time-dependent wave packet ͑SAWP͒ method. 31 In this method, all degrees of freedom of the H 2 molecule are treated quantum mechanically using two approximations: the Born-Oppenheimer approximation and neglect of phonons.
The use of the Born-Oppenheimer approximation corresponds to the neglect of electron-hole pair excitations and the use of a single PES, in this case the electronic ground state. The validity of this approximation is discussed in Refs. 1, 53, and 84. The neglect of phonons of the Cu͑100͒ surface entails the use of a dynamical model in which the copper atoms are fixed at their ideal lattice positions so that the system, which is in principle of infinite dimensionality, reduces to a 6D problem. Due to the large difference in mass of the hydrogen and copper atoms, the neglect of phonon excitation is thought to be reasonable. [85] [86] [87] A more detailed justification of these approximations is given elsewhere. 1, 53 
B. Wave packet method
Within the Born-Oppenheimer approximation and the static representation of the metal surface, the Hamiltonian of the system can be written in atomic units:
Here X, Y, and Z describe the motion of the center of mass of H 2 and M and are the total and reduced masses of the H 2 molecule, respectively. Furthermore, V(Z,X,Y ,r,,) is the 6D PES, which depends on the distance of the molecule to the surface, Z; the molecule's center-of-mass coordinates for motion along the surface, X and Y; the H-H distance r; and the angles representing the orientation of the molecule, and ͑see Fig. 1͒ . When considering normal incidence only, the symmetry of the metal surface can be used to reduce the computational costs. 31, 68, 73 The nonsymmetry-adapted wave function can be projected onto a symmetry-adapted basis set, with func-tions belonging to different irreducible representations. For each of these representations, a separate calculation must be performed. The number of calculations needed ͑one or two͒ and the relevant species depend on the initial value of the magnetic rotational quantum number of the molecule, m j . Having completed the calculations for the separate irreducible representations, state-to-state probabilities for scattering and reaction probabilities can be obtained by performing a unitary transformation of the blocked symmetry-adapted scattering matrix. 68, 73 Within the SAWP method, the wave packet at time t for species ⌫ of the C 4v point group is represented as an expansion of real symmetry-adapted basis functions , dependent on X, Y, , and for species ⌫. 29, 30, 38 A grid representation is used for the r and Z degrees of freedom,
with l being a collective index for the quantum numbers j and m j associated with the rotational state and n and m associated with the diffractional state of the molecule. The initial symmetry-adapted wave packet for species ⌫ is propagated in time using the absorbing boundary condition ͑ABC͒ 88 evolution operator,
͑3͒
with H and ⌬H being estimates of the midpoint and halfwidth of the spectrum of Ĥ . The J n are Bessel functions and the Q n are modified Chebyshev polynomials. 88 The ABC propagator incorporates the use of an optical potential to absorb the wave packets at the edges of the grid. 88 The initial symmetry-adapted wave packets are chosen to be real and of the form of superimposed Gaussians in Z. The two Gaussian components of the initial wave packet describe a wave packet going towards the surface and its complex conjugate which moves away from the surface. 31 This choice of form of the initial wave packet and the use of the ABC propagator allows the use of real algebra throughout the propagation part of the calculations.
From the propagated wave packet, the column of the symmetry-adapted S matrix that corresponds to the initial state of the system for which the calculation was performed is obtained by projecting the wave packet onto the symmetry-adapted asymptotic gas-phase wave functions and using the scattering amplitude formalism. 68, 73, 89, 90 After obtaining the scattering information for each symmetry species ⌫, the desired column of the nonsymmetry-adapted scattering matrix can be computed.
C. Site-specific reaction probabilities
To obtain site-specific reaction probabilities, a flux-based method was used. From the time dependence of the wave packet, the stationary scattering state ⌽(E tot ) and its derivative with respect to the bond length r can be computed: 91, 92 
In these formulas k z is the momentum conjugate to Z and b(k z ) is the momentum representation conjugate to Z of the initial wave packet:
With these three formulas, the flux through a surface at r ϭr cut can be calculated as a function of the total energy for an initial state (v, j,m j ) ͑Ref. 92͒:
͑7͒
If the flux is integrated over the coordinates X, Y, Z, , and for a large enough value of r, the reaction probability is obtained. [91] [92] [93] [94] However, if the flux is only integrated over Z, , and and the surface is positioned at a value r cut which is just behind the barrier, a measure of the site reactivity can be obtained as a function of X and Y for a specific energy E tot : The function P r (E tot ;v,j,m j ;X,Y) can be integrated over areas of the surface unit cell that have been preassigned to the high-symmetry sites on the basis of proximity ͑see Fig. 2͒ to obtain site-specific reaction probabilities P r site (E;v, j,m j ). A more detailed description of the application of the flux method in the computation of site-specific reaction probabilities within the SAWP method has been given elsewhere.
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III. POTENTIAL ENERGY SURFACE
The 6D PES used in this study is based on 14 twodimensional cuts in the coordinates r and Z with the H 2 placed on the high-symmetry sites. For each of these cuts, points were calculated with DFT, 76, 77 using the generalized gradient approximation [95] [96] [97] ͑GGA͒ and a slab representation of the metal surface. In the representation of the Cu surface, the experimental Cu͑100͒ bulk lattice constant (␣ lat ϭ4.824a 0 ) has been used. The convergence of the DFT calculations is believed to be within 0.1 eV of the GGA limit of this system. Details on the DFT calculations for these 2D PES can be found in Ref. 26 .
The full 6D PES, known as PES IV, 26 is expanded in 14 symmetry-adapted functions of X, Y, , and . In the expansion, the r,Z-dependent expansion coefficients are related to the computed 2D cuts by the inversion of a set of linear equations. 26 In Fig. 3 the most essential aspects of the H 2 ϩCu(100) PES are shown. The lowest barrier ͑0.50 eV͒ corresponds to dissociation above the bridge site with the H atoms moving towards the hollow sites and H 2 oriented parallel to the surface. The highest minimum barrier found above a high-symmetry site corresponds to H 2 , oriented parallel to the surface, dissociating above the top site with the H atoms moving towards the bridge sites ͑0.63 eV͒. In Table I , barrier heights found at the high-symmetry sites are collected for different azimuthal angles and for H 2 oriented parallel to the surface.
In Table II , barrier locations and two measures of the anisotropy are shown for the high-symmetry sites. The polar anisotropy is defined by the range of potentials experienced by H 2 when located at the minimum barrier and rotated out of plane, keeping all of the other degrees of freedom fixed. The azimuthal anisotropy is defined by rotating the molecule FIG. 2. ͑A͒ Example of the reaction probability density as a function of position X and Y as obtained for a specific incidence energy ͑0.45 eV͒ for H 2 (vϭ0, jϭ2, m j ϭ0). ͑B͒ The designated areas of the surface unit cell over which the reaction probability densities are integrated to obtain sitespecific reaction probabilities. ͑C͒ After integration, site-specific reaction probabilities are obtained as a function of the incidence energy, for the high-symmetry bridge, top and hollow sites.
FIG. 3. H 2 ϩCu(100)
PES. Two-dimensional cuts are shown for three different reaction routes: ͑A͒ bridge-to-hollow dissociation, ͑B͒ hollow-tobridge dissociation, and ͑C͒ top-to-bridge dissociation. The dotted line represents the reaction path and ϫ marks the barrier location. In each case, H 2 is oriented parallel to the surface.
parallel to the surface and keeping all the other degrees of freedom fixed at the minimum barrier geometry of a highsymmetry site.
The top-site barrier is the ''latest'' and shows the largest polar anisotropy ͑12.92 eV͒, whereas the largest azimuthal anisotropy is found for the bridge site ͑2.39 eV͒. The hollow and top sites both show a weak azimuthal anisotropy at the corresponding barrier geometry's, 0.05 and 0.09 eV, respectively. The site with the lowest polar anisotropy is the hollow site, which displays the earliest barrier of all the highsymmetry sites considered.
IV. COMPUTATIONAL DETAILS
Calculations have been performed for all initial states of H 2 with (vϭ0, jϭ0Ϫ5) and with (vϭ1, jϭ0Ϫ5). The calculations for the (vϭ0) states have been performed for the incidence energy range of 0.3-0.9 eV. The (vϭ1) state calculations have been performed for two incidence energy ranges, one from 0.1 to 0.3 eV and one from 0.2 to 0.65 eV, using a smaller rotational basis set for the lower-energy range. The overlapping region of incidence energy ͑0.2-0.3 eV͒ has been used to confirm convergence of both calculations of the (vϭ1) states. ͓Note that for initially (vϭ1, jϭ1, m j ϭ1) H 2 , no site-specific reaction probabilities have been calculated for the energy range 0.1-0.2 eV.͔ In all the calculations the initial wave packet was propagated for 60 000 a.u. of time.
In all calculations, the diffractional basis employed all functions with ͉n͉ϩ͉m͉р11. For the odd-j states, the rotational basis included functions with jр29, and for the even-j states, jр28 was used for all of the (vϭ0) calculations and the (vϭ1) calculations for the higher-incidence-energy range. The rotational basis jр20 has been used for the (v ϭ1), even-j-valued initial states in the 0.1-0.3 eV incidence energy range. For the odd-j-valued (vϭ1) initial states, j р19 has been used for the lower-energy range. All other parameters have not been changed with respect to earlier studies. 26, 31 Tests conducted indicated convergence of reaction and scattering probabilities to within 1% with respect to basis sizes and propagation time.
V. RESULTS AND DISCUSSION
A. Degeneracy-averaged reaction probabilities
In Fig. 4 degeneracy-averaged reaction probabilities P deg (E;v, j) are shown for (vϭ0, jϭ0 -5) and (vϭ1, j ϭ0 -5). These P deg (E;v, j) have been calculated from the initial-state-resolved reaction probabilities P r (E;v, j,m j ) using
The molecules incident in the vibrationally excited (vϭ1) state ͓Fig. 4͑B͔͒ react at much lower energies than molecules initially in the vibrational ground state (vϭ0) ͓Fig. 4͑A͔͒ an effect called vibrational enhancement. 36, 46, 51 Here we focus on the dependence of reaction on the rotational quantum level j of the incident molecule. A striking difference between (vϭ0) and (vϭ1) is that, at low incidence energies where the reaction probability is low ͑near the reaction threshold͒, the P deg (E;v, j) clearly increases with j for (v ϭ1) ͑rotational enhancement͒, whereas P deg (E;v, j) is almost independent of j for (vϭ0).
Such behavior has not been observed in experimental studies on the analogous systems D 2 (vϭ0,1,2)ϩCu(111) ͑Refs. 3 and 4͒ and H 2 (vϭ0,1)ϩCu(111) ͑Ref. 12͒. In the fits to the experimentally measured associative-desorption probabilities for Cu͑111͒, P deg (E;v, j) first decreases with j for jϭ0 up to about 5 ͑rotational hindering͒ and then increases with j ͑rotational enhancement͒ for both (vϭ0) and (vϭ1). The explanation offered for rotational hindering is that rotating molecules are less likely to pass the entire barrier region in an orientation that remains favorable for reaction. 3, 4, 12, 33, 39, 48 Rotational enhancement can be explained by the presence of a late barrier: at the barrier, the rotational constant of the molecule is lower than in the gas phase, allowing conversion of energy from rotation to motion along the reaction path, thereby helping the molecule to overcome the barrier. 3, 4, 33, 48 The higher j, the stronger this effect; eventually, this dominates the hindering effect.
To explain the difference in the dependence of P deg (E;v, j) on j between (vϭ0) and (vϭ1) for H 2 ϩCu(100) near threshold and the difference with the experimental results for H 2 ,D 2 ϩCu(111), we will first consider where on the surface unit cell the molecule dissociates for (vϭ0) and (vϭ1). Next, we will discuss how the degeneracy-averaged site-specific reaction probabilities P deg site (E;v, j) depend on j for both the (vϭ0) and (vϭ1) molecules. We will show that the j dependence of P deg site (E;v, j) can be explained on the basis of previous fixed-site 25, 39 and flat-surface 44, 48 calculations, by relating the computed j dependence to the anisotropy of the PES at different sites. We end this section by showing how experimental measurement of the j dependence of P deg (E;v, j) The results of a previous study 26, 27 showed that for the (vϭ0, jϭ0) and (vϭ0, jϭ4) states, the reaction takes place predominantly at the bridge site. The (vϭ1, jϭ0) and the (vϭ1, jϭ4) states, however, react preferably at the top site at near threshold incidence energies. In Figs. 5 and 6 the degeneracy-averaged site-specific reaction probabilities ͓ P deg site (E;v, j)͔ are shown for the states (vϭ0, jϭ1 -3,5) and (vϭ1, jϭ1 -3,5), respectively. The P deg site (E;v, j) have been calculated from the P r site (E;v, j,m j ) using an expression analogous to Eq. ͑9͒. Figures 5 and 6 clearly show that the previous theoretical result-that, on Cu͑100͒, (vϭ0) H 2 preferentially reacts at the bridge site, whereas (vϭ1) H 2 preferentially reacts at the top site for incidence energies just above threshold-is general for low initial j ( jϭ0 -5).
As explained before, 26,27 (vϭ0) H 2 preferentially reacts at the bridge site because the barrier to reaction is lowest at this site ͑see Table II͒ . At relatively low energies, (v ϭ1) H 2 reacts preferentially at the top site because H 2 can convert all of its vibrational energy ͑in excess of the zeropoint vibrational energy͒ to energy of motion along the reaction path to overcome the higher barrier at this site. This is possible due to the special features of the top-site PES, which has a reaction path with an especially late barrier ͑see Table II͒ and a high curvature in front of the barrier ͓see Fig.  3͑C͔͒ . 26, 27, 98 It is worthwhile to consider whether the different j dependences of P deg (E;v, j) of (vϭ0) and (vϭ1) H 2 at energies just above threshold ͑Fig. 4͒ can be explained from the differences in the preferred reaction site of these vibrational states ͑Figs. 5 and 6͒. For this purpose, P deg site (E;v, j) for ( j ϭ0 -5) are plotted separately for each site, for both (v ϭ0) ͑Fig. 7͒ and (vϭ1) ͑Fig. 8͒. Just above the threshold, the reaction at the top site shows clear rotational enhance- FIG. 4 . ͑Color͒ Degeneracy-averaged reaction probability as a function of normal incidence energy, for different rotational states j, for (vϭ0) ͑A͒ and (vϭ1) ͑B͒ H 2 . ment, not just for (vϭ1) ͓as in P deg (E;v, j), Fig. 4͑B͔͒ , but also for (vϭ0). In contrast, the reaction above the bridge site appears to be almost independent of j, not just for (v ϭ0) ͓as in P deg (E;v, j), Fig. 4͑A͔͒ , but also for (vϭ1).
The difference in the j dependence of the reaction between the bridge and top sites can be explained by differences in the topology of the PES at these sites. The barrier at the top site shows little azimuthal anisotropy ͑see Table  II͒ . Previous reduced dimensionality studies of H 2 ϩCu which employed the flat-surface approximation-so that the potential contains no azimuthal anisotropy-also showed the reaction to be rotationally enhanced for low j for energies just above the threshold. 44, 48 Similar results were obtained in fixed-site studies of H 2 ϩCu for sites at which the potential has little azimuthal anisotropy at the reaction barrier geometry ͓see, for example, Fig. 7 of Ref. 39 for the reaction above the top site of Cu͑111͒ and Fig. 9 of Ref. 25 for the reaction above the hollow site for Cu͑100͔͒. The reason for this trend is that helicoptering molecules, which have ͉m j ͉ϭ j and are the ones first to react just above threshold, 13, 29, 33, 35, 48 can react without ͑or with little͒ rotational hindering in the absence of ͑a large͒ azimuthal anisotropy. The reaction will then be rotationally enhanced due to the lateness of the barrier, which leads to a reduction of the molecule's rotational constant at the barrier. In Figs. 7 and 8 , the reaction at the hollow site is less rotationally enhanced than the reaction at the top site because the barrier is earlier at the hollow site ͑see Table II͒. In flat-surface calculations modeling the dissociation of H 2 on Cu͑111͒, Darling and Holloway showed that they could recover the experimentally found trend that the reaction is rotationally hindered for low j ͑Refs. 3 and 4͒ by introducing azimuthal anisotropy in their potential. 48 Employing a fixed-site LEPS potential based on DFT calculations, 79 Dai and Zhang likewise recovered the experimental trend that the reaction is hindered in calculations for the reaction on the lowest barrier bridge site, above which the barrier has a high azimuthal anisotropy. 39 Similarly, we find that reaction above the bridge site of Cu͑100͒ is not rotationally enhanced at low j. The reason, again, is that the potential barrier has a high azimuthal anisotropy above the bridge site FIG. 5 . Site-specific degeneracy-averaged reaction probability for the (v ϭ0) state as a function of the incidence energy for specific rotational levels.
FIG. 6. Site-specific degeneracy-averaged reaction probability for the (v ϭ1) state as a function of the incidence energy for specific rotational levels.
͑see Table II͒, so that the rotational motion also hinders the reaction of helicoptering molecules. For Cu͑100͒, this compensates the enhancement effect due to the late barrier, so that no clear dependence of the reaction on j is found. The increased lateness of the barrier at the top site also contributes to the rotational enhancement of the reaction of (v ϭ1) H 2 ϩCu(100) in addition to the absence of azimuthal anisotropy discussed above.
Our 6D calculations predict reaction of H 2 on Cu͑100͒ to be nearly independent of j for (vϭ0) and to be clearly rotationally enhanced for (vϭ1) at low j and incidence energies. This result differs from experimental 3,4,12 and theoretical 33 (vϭ0) results for H 2 ,D 2 ϩCu(111), which show a net rotational hindering effect for low j. This difference could be due to a difference in the location of the minimum reaction barrier for Cu͑100͒ and Cu͑111͒. On Cu͑100͒, the barrier occurs at a value of the H-H distance, which is 0.1 Å larger than on Cu͑111͒. 99 Therefore, rotational enhancement should be more important for Cu͑100͒ and is here predicted to offset rotational hindering for (vϭ0) and to dominate for (vϭ1). This prediction can be easily tested by performing energy-resolved associative-desorption experiments in which the desorbing H 2 is detected state selectively with respect to v and j, as have already been performed for H 2 ,D 2 ϩCu(111).
12,20
The associative-desorption experiments we propose are usually done using high surface temperatures T s (T s у370 K), 86, 87 whereas our calculations are done for a 0-K surface. However, increasing T s is not expected to change the j dependence of the reaction probability at low collision energies. It is known from associative desorption experiments that, for H 2 and D 2 on Cu͑111͒, the dependence of the sticking probability on the surface temperature can be modeled easily by assigning larger width parameters to the fitted, S-shaped reaction probability curves when considering higher surface temperatures. 86, 87 Furthermore, for (vϭ0) H 2 and D 2 the increase of the width with T s was found to be independent of j. 86 If we assume the same to be true for (vϭ0,1) H 2 ϩCu(100), the effect of increasing T s would be to increase all P deg (E;v, j) by a similar amount for low E. Then P deg (E;v, j) would still be approximately independent of j for vϭ0 and increase with j for vϭ1.
Our most important result is that, just above threshold, the site-specific degeneracy-averaged reaction probability increases with j for the top site and is nearly independent of j above the bridge site. Because this difference can also be FIG. 7 . ͑Color͒ Site-specific degeneracy-averaged reaction probability as a function of the incidence energy for different rotational levels of the (v ϭ0) state. These spline curves were based on the same data points shown in Fig. 5.   FIG. 8 . ͑Color͒ Site-specific degeneracy-averaged reaction probability as a function of the incidence energy for different rotational levels of the (v ϭ1) state. These spline curves were based on the same data points shown in Fig. 6 . explained by differences in the topology of the PES at these sites, we predict that the j dependence of the total reaction probability, which is an experimentally measurable quantity, can be used as a signature for the preferred reaction site. Confirmation of our prediction of no j dependence of reaction for (vϭ0) and rotational enhancement for (vϭ1) would strongly support our finding that (vϭ0) and (v ϭ1) H 2 react at different sites on Cu͑100͒, i.e., on the bridge and top sites, respectively.
B. Experimental signatures based on the comparison of alignments
The rotational quadrupole alignment A 0 (2) (E;v, j) of the molecules that react can be calculated from initial state (v, j,m j ) resolved reaction probabilities using the following expression:
͑10͒
Here A 0 (2) (E;v, j) is a quantity revealing information on the ͉m j ͉ distribution of molecules, initially in level (v, j), which go on to react. The maximum value of the alignment for a given j level, 3 j/( jϩ1)Ϫ1, corresponds to the situation where only helicoptering molecules react (͉m j ͉ϭ j). The minimum value, Ϫ1.0, corresponds to the situation where only cartwheeling molecules react (m j ϭ0) and an alignment of zero corresponds to helicoptering and cartwheeling molecules reacting with equal probability. 26 Assuming the validity of detailed balance, desorption probabilities, as measured in associative desorption experiments, are equal to reaction probabilities, as measured in adsorption experiments, for desorption normal to the surface. Therefore A 0 (2) (E;v, j) is an experimentally measurable quantity. 13 In a previous study, 26 it was noted that A 0 (2) (E;vϭ1, jϭ4) is higher than A 0 (2) (E;vϭ0, jϭ4) for near threshold incidence energies. It was suggested that this behavior could be correlated to the reaction taking place predominantly at the top site for (vϭ1) H 2 and at the bridge site for (v ϭ0) H 2 . Here we address the question of whether this signature for the difference in reaction site between (vϭ0) and (vϭ1) H 2 is also valid for the j levels 1-3 and 5.
In Fig. 9 , A 0 (2) (E;v, j) is plotted as a function of shifted incidence energies. The energies have been shifted to an offset corresponding to a total reaction probability of 5%, for which we know the reaction will take place at either the top site ͑for vϭ1) or the bridge site ͑for vϭ0), to enable a better comparison between reaction of H 2 in these two initial vibrational levels.
Clearly, at or just above the energy offset, reacting (vϭ1, jϭ2) and (vϭ1, jϭ3) H 2 do not have a higher A 0 (2) (E;v, j) than (vϭ0, jϭ2) and (vϭ0, jϭ3) H 2 , respectively ͑Fig. 9͒. In particular, close to threshold, A 0 (2) (E;v ϭ0, jϭ2) is even higher than A 0 (2) (E;vϭ1, jϭ2). For (v ϭ1, jϭ4) and (vϭ1, jϭ5) H 2 has a higher A 0 (2) (E;v, j) than (vϭ0) H 2 for jϭ4 and 5 at incidence energies slightly larger than the energy offset. The ( jϭ1) level shows a behavior similar to that of the ( jϭ4) and ( jϭ5) levels, with the exception that both A 0 (2) (E;vϭ1, jϭ1) and A 0 (2) (E;v ϭ0, jϭ1) have reached their maximum value of 0.5 at the energy offset. In previous publications, 26, 27 A 0 (2) (E;vϭ1, jϭ4) was plotted significantly higher than A 0 (2) (E;vϭ0, jϭ4) at the energy offset. This was due to an error in the program used to compute the alignments. 82 Here we present the correct plots. Figure 9 clearly shows that the result previously obtained for ( jϭ4)-that A 0 (2) (E;v, j) is higher for (vϭ1) somewhat above the energy for which the reaction probability exceeds 5%-is not general for low j. The explanation offered for the greater alignment of ( jϭ4) reacting molecules, for (vϭ1) compared to (vϭ0), was based on steric hindering. 26 Vibrationally excited H 2 reacts preferentially at the top site. At the barrier of this site, the anisotropy in is higher than at the bridge site barrier, where (vϭ0) H 2 prefers to react. This by itself should lead to a greater preference for the helicopter reaction at the top site. In addition, the reaction of helicoptering H 2 can proceed almost without rotational hindering at the top site, due to the low potential anisotropy in at this site's barrier. In contrast, the reaction at the bridge site, which exhibits a strong anisotropy, should be rotationally hindered for helicopters ͑see Table II͒ . These two factors were the key elements in the explanation of the difference between the alignments of (vϭ0) and (v ϭ1) for ( jϭ4) H 2 at and slightly beyond threshold.
However, this reasoning predicts that A 0 (2) (E;vϭ1, j) should also be higher than A 0 (2) (E;vϭ0, j) also for jϭ1 -3 and jϭ5, for incidence energies at and slightly beyond threshold, because the top site is the preferred reaction site for (vϭ1) H 2 and the bridge site for (vϭ0) H 2 . As already stated, A 0 (2) (E;vϭ1, j) is not always higher than A 0 (2) (E;v ϭ0, j), especially at the energy offset ͑Fig. 9͒. An explanation for this can be found by not only considering the steric hindering effects, but by also including rotational enhancement effects into the picture, as will be discussed below.
The steric hindering effects, mentioned above, can be divided into two separate mechanisms. 26 The first is orientational hindering and the second rotational hindering. Rotational hindering originates from the fact that molecules rotating fast enough may encounter an unfavorable orientation while travelling along the reaction path, regardless of the initial orientation of the molecule. If a high anisotropy is present in the neighborhood of the barrier, this may of course lead to reflection. In contrast, orientational hindering refers to a static effect: Nonrotating or slow-rotating molecules will be reflected from an anisotropic barrier if their initial orientation is unfavorable for a reaction.
Rotation may hinder the reaction, but it can also help molecules to react. Rotational enhancement effects can also occur by two different mechanisms. In the first mechanism, rotation enhances the reaction due to the decrease of the molecule's rotational constant as it approaches a late barrier. 36 For this mechanism, which will be called elastic rotational enhancement, the higher the j level is, the more rotational energy can be transferred into motion along the reaction path. Elastic rotational enhancement will enhance cartwheels and helicopters, of a given j level, equally well, and it should therefore have a less direct influence on the rotational quadrupole alignment of the reacting molecules. ͓Equation ͑10͒ shows that increasing P r (E;v, j,m j ) for all m j should lead to a lowering of the absolute value of the alignment.͔
The second mechanism of enhancement is closely related to the potential anisotropy ͑in ͒ near the barrier. Not only will a high anisotropy induce hindering effects, as explained above, it may also allow the molecule to rotationally deexcite on its way to the barrier and thereby help the reaction. The energy gained from this deexcitation can be transferred into motion along the reaction path and thereby help the molecule to cross the barrier. 101 Due to the inversion symmetry of H 2 , this mechanism can only be effective for molecules with jу2. In addition, we will show that its effectiveness is very dependent on the specific ( j,m j ) level of H 2 . This mechanism of rotational enhancement is referred to as inelastic rotational enhancement. It is expected to be especially important near threshold, where reaction may only be possible through this mechanism.
Having identified these four mechanisms ͑which are summarized in Table III and are further discussed below͒, the observed j dependence of the relative (vϭ0) and (v ϭ1) H 2 rotational quadrupole alignments can now be understood. For the ( jϭ1) case, both A 0 (2) (E;vϭ1, jϭ1) and A 0 (2) (E;vϭ0, jϭ1) reach the value of 0.5 at the energy offset. This corresponds to only helicopters being reactive. The ( jϭ1) helicopters are oriented favorably for reactions on both the bridge (vϭ0 H 2 ) and the top site (vϭ1 H 2 ) compared to the ( jϭ1) cartwheels. At slightly higher incidence energies the ( jϭ1) cartwheels will start to react as well, so both A 0 (2) (E;vϭ1, jϭ1) and A 0 (2) (E;vϭ0, jϭ1) will decrease with energy.
However, A 0 (2) (E;vϭ0, jϭ1) will decrease more rapidly than A 0 (2) (E;vϭ1, jϭ1) due to the fact that the higher anisotropy of the top site induces a greater orientational hindering of the reaction of the vϭ1 cartwheels compared to the vϭ0 cartwheels reacting at the bridge site. On top of that, the (vϭ0) helicopters experience more rotational hindering due to the anisotropy of the reaction barrier being higher at the (vϭ0) H 2 reaction site ͑bridge͒ than at the (v ϭ1) H 2 reaction site ͑top͒. The effects of rotational enhancement on the alignment of the reacting molecules can be ruled out for the ( jϭ1) case. No rotational deexcitations are possible because for H 2 the change in j must be even and the energy released by elastic rotational enhancement, although present, is believed to have no direct influence on the alignment.
This changes when considering the differences between the (vϭ0) and (vϭ1) H 2 rotational quadrupole alignments for ( jϭ2) incident molecules. A 0 (2) (E;vϭ0, jϭ2) is higher than A 0 (2) (E;vϭ1, jϭ2) at the energy offset. Based on hindering arguments alone, this cannot be understood, because (vϭ1) H 2 reacts preferably at the top site and (vϭ0) H 2 at the bridge site. The top site, having the most anisotropy in and the least anisotropy in , should give rise to a greater preference for the helicopter reaction than the bridge site. The explanation can be found by considering the inelastic rotational enhancement mechanism.
For (vϭ1, jϭ2) H 2 reacting at the top site, considerable   FIG. 9 . ͑Color͒ Comparison of the rotational quadrupole alignment of reacting (v, j) molecules is shown between the (vϭ0) and (vϭ1) states for different rotational levels. The energy scales have been shifted to an offset for which the total reaction probability is 5% for each (v, j) state.
anisotropy exists, which not only leads to hindering, but also enables H 2 to deexcite into the (vϭ1, jϭ0) state before dissociating ͓or into the librational state that corresponds adiabatically 102 to the (vϭ1, jϭ0) state͔. Because the top site shows a nearly isotropic barrier in , m j will be almost conserved 42, 43 in collisions with the top site. The only possible rotational deexcitation from the (vϭ1, jϭ2) level of H 2 , with ⌬ jϭ2 and ⌬m j ϭ0, is the (vϭ1, jϭ2, m j ϭ0) →(vϭ1, jϭ0, m j ϭ0) transition. The energy released through the rotationally inelastic mechanism will therefore mostly enhance the reaction of the ( jϭ2) cartwheels, resulting in a decreased alignment of the reacting ( jϭ2) molecules. Here (vϭ0) H 2 , which reacts at the bridge site, encounters less anisotropy in . It is therefore believed that inelastic rotational enhancement is more important for (v ϭ1) H 2 than it is for (vϭ0) H 2 . The greater increase of reactivity of (vϭ1, jϭ2, m j ϭ0) H 2 is expected to lower the rotational quadrupole alignment of reacting (vϭ1, jϭ2) H 2 more than for (vϭ0, jϭ2) H 2 , as is seen in Fig. 9 for energies close to the energy offset.
Support for the importance of rotationally inelastic enhancement of the reaction of (vϭ1, jϭ2) cartwheels comes from Fig. 10 . In this figure the m j -resolved reaction probabilities for (vϭ1, jϭ2) and (vϭ0, jϭ2) H 2 are shown as a function of the incidence energy. The effect of the sudden allowance of (vϭ1, jϭ2, m j ϭ0)→(vϭ1, jϭ0, m j ϭ0) deexcitation near threshold energies is clear. Apparently, energy released by the (vϭ1, jϭ2, m j ϭ0)→(vϭ1, jϭ0, m j ϭ0) H 2 deexcitation enhances the reaction of (vϭ1, j ϭ2, m j ϭ0) H 2 considerably compared to (vϭ0, jϭ2, m j ϭ0) H 2 ͓the reaction probability of the (vϭ1, jϭ2) cartwheel is almost as large as that of the (vϭ1, jϭ2) helicopter, and this is clearly not the case for (vϭ0, jϭ2) H 2 ]. Based on steric arguments, we would instead expect the cartwheel reaction to be much less effective for (vϭ1) H 2 , which reacts at the site with the greater anisotropy.
Additional support can be found in the state-to-state scattering probabilities of H 2 from different initial jϭ2 states. In Fig. 11 the absolute scattering probabilities P(v, j ϭ2, m j →v, jϭ0) are shown for (vϭ0) and (vϭ1), for (m j ϭ0) and (m j ϭ2) ͑transitions with ⌬m j ϭ1 are forbidden for the PES used 26 ͒. Again, in this figure, the energy scale has been shifted to an offset where the total reaction probability is 5% for each initial vibrational state. Clearly, at the energy offset, the initial (vϭ1, jϭ2, m j ϭ0) H 2 shows a higher probability for vibrationally elastic and rotationally inelastic scattering into the ( jϭ0) state than the initial (v ϭ0, jϭ2, m j ϭ0) H 2 . This suggests a higher probability for rotational deexcitation for the molecule on its way to the barrier, and this would also be expected to lead to greater enhancement of the (vϭ1) reaction of cartwheels near threshold through the rotationally inelastic enhancement mechanism discussed above. On the other hand, the initial   FIG. 10. Initial-state (v, j,m j ) resolved reaction probabilities are shown vs normal incidence energy for (v, jϭ2, m j ) H 2 for (vϭ0 and 1 and m j ϭ0 -2). TABLE III. Mechanisms that affect the reaction probabilities and the rotational quadrupole alignment of reacting molecules. Also presented are the features in the PES which are the most relevant to the mechanism, the surface site for which the mechanism is most important, the effect each mechanism has on the reaction probability, and the rotational quadrupole alignment for the different rotational states of the incident H 2 molecule. (vϭ1, jϭ2, m j ϭ2) H 2 shows nearly no inelastic scattering into the (vϭ1, jϭ0) state. The rotational deexcitation probabilities for (vϭ1, jϭ2) cartwheels ͑high͒ and helicopters ͑low͒ are consistent with scattering from a site with a high anisotropy and a low anisotropy-i.e., the top site ͑see Table II͒ . Furthermore, the initial (vϭ0, jϭ2, m j ϭ2) H 2 shows a higher probability of rotationally inelastic scattering into the ( jϭ0) state than initial (vϭ1, jϭ2, m j ϭ2) H 2 . This is consistent with (vϭ0, jϭ2, m j ϭ2) H 2 scattering from a site with a higher anisotropy-i.e., the bridge site ͑see Table II͒ . It is clear that rotational deexcitation and the reaction near threshold are intimately related processes, which occur at similar sites. These processes are related through the anisotropy of the potential at the barrier associated with the reaction site. As a result, the rotationally inelastic scattering results can be used to help identify reaction sites and to make inferences regarding the reaction mechanisms.
Mechanism
For (vϭ1, jϭ2) H 2 , the mechanism of inelastic rotational enhancement is clearly present. A similar reasoning can be applied to the comparison between A 0 (2) (E;vϭ0, j ϭ3,4,5) and A 0 (2) (E;vϭ1, jϭ3,4,5) at the energy offset. For these j levels several transitions with ⌬ jϭ2 and ⌬m j ϭ0 are allowed. For (vϭ1, jϭ3) H 2 , both (m j ϭ1) and (m j ϭ0) are allowed to deexcite into (vϭ1, jϭ1, m j ϭ1) and (v ϭ1, jϭ1, m j ϭ0), respectively. For (vϭ1, jϭ4) and (v ϭ1, jϭ5) even more transitions are possible, causing the lowering of the alignment, resulting from enhancement of the nonhelicopter state reaction, to be less dramatic. On top of that, the energy gap associated with these transitions increases with increasing j. The associated energy gap for the transition (vϭ1, jϭ3)→(vϭ1, jϭ1) H 2 ͑Ϸ0.068 eV͒ is much larger than that for the transition (vϭ1, jϭ2)→(v ϭ1, jϭ0) H 2 ͑Ϸ0.041 eV͒ making the inelastic rotational enhancement for ( jϭ3) H 2 less probable. It is therefore believed that the importance of inelastic rotational enhancement decreases with increasing j. For ( jϭ4) and ( jϭ5), the inelastic enhancement effect is expected only to be visible at the energy offset, if at all. Beyond the energy offset, steric hindering becomes the dominating factor in determining the ratio of (vϭ1) H 2 alignment and (vϭ0) H 2 alignment. For the reaction of ( jϭ4) and ( jϭ5) H 2 , orientational and rotational hinderings are expected to be most important, for both the reaction of initial (vϭ0) and (vϭ1) H 2 . Both hindering mechanisms will ensure that, beyond the energy offset, A 0 (2) (E;vϭ1, jϭ4,5) will be higher than A 0 (2) (E;vϭ0, jϭ4,5). The ( jϭ3) H 2 case can, in this picture, be regarded as the intermediate case, in which the inelastic rotational enhancement and hindering effects on the reaction cancel in the influence exerted on the alignment of the reacting molecules. The above explanation accounts for all the trends seen in Fig. 9 .
For jϾ1 H 2 , the rotational quadrupole alignments do not reach their maximum limiting values at the energy offset. Previous calculations on H 2 ϩCu(100) ͑Ref. 35͒ and H 2 ϩCu(111) ͑Ref. 33͒ showed a downturn of the alignment of the reacting molecules at low collision energies. It is not completely clear whether the effect that the alignment does not reach its maximum limiting value can be completely attributed to the rotationally inelastic enhancement mechanism. As noted before, we expect this mechanism to become less important for high j, because the energy gap associated with rotational deexcitation increases with initial j. It is possible that the effect is partly due to steering (m j scrambling͒ becoming important at low collision energies. 53 Finally, it should be noted that the quantum-mechanical cartwheel states also have a finite probability of being oriented exactly parallel ͑j is even͒ or almost parallel ͑any j͒ to the surface. In a picture in which rotation is not considered to take place in a ''classical'' sense, this may still lead to a reaction of those cartwheel molecules which happen to be in the right ''window of orientation'' when they get to the barrier and this may also contribute to the lowering of the alignment of reacting molecules for higher j near threshold energies.
Despite the fact that the experimental signature of A 0 (2) (E;vϭ1, j)ϾA 0 (2) (E;vϭ0, j), at and beyond the energy offset, is not as general as one might hope, 26 the difference between A 0 (2) (E;vϭ1, j) and A 0 (2) (E;vϭ0, j), for jϭ1, 4, and 5, can still be used to identify top-site reactivity through experimental measurement. The mechanisms causing the differences between A 0 (2) (E;vϭ1, j) and A 0 (2) (E;vϭ0, j), somewhat above threshold, can be related to specific features of the PES at both the top and bridge sites. Specifically, for jϭ1, 4, and 5, A 0 (2) (E;vϭ1, j) is expected to be higher than A 0 (2) (E;vϭ0, j) at energies slightly beyond threshold and this difference is clearly related to the top-site reactivity of (vϭ1) H 2 : the reaction barrier at the top site has a greater anisotropy, causing more orientational hindering of the cartwheel reaction. Measurement of this would confirm our prediction of the difference in preferred reaction site between (vϭ0) and (vϭ1) H 2 on Cu͑100͒, whereas the measurement of A 0 (2) (E;vϭ1, jϭ2) being lower than A 0 (2) (E;vϭ0, jϭ2), together with a high inelastic scattering probability, P(vϭ1, jϭ2 H 2 →vϭ1, jϭ0), of H 2 at threshold energies, would not only confirm the top-site reactivity, but also the importance of inelastic rotational enhancement for the reaction of (vϭ1, jϭ2, m j ϭ0) incident H 2 .
The differences we predict between A 0 (2) (E;vϭ0, j) and A 0 (2) (E;vϭ1, j) can be confirmed experimentally using cur- rently available techniques, but once again the measurements would have to be performed at high T s ͑approximately 900 K͒, 13 whereas our prediction was derived for a 0-K surface. The effect an elevated surface temperature will have on the alignment signature is not completely clear to us. As mentioned before, associative-desorption experiments on D 2 and H 2 ϩCu(111) ͑Ref. 86͒ suggest that the width of the S-shaped degeneracy-averaged reaction probability curves P deg (E;v, j) will increase with T s for H 2 on Cu͑100͒. One might expect the same to be true for the P r (E;v, j,m j ) . If, at low E, the P r (E;v, j,m j ) were to increase by the same amount for all m j , application of Eq. ͑10͒ would lead to a lower value of the alignment. However, the midpoint of the S-shaped reaction probability curve generally shifts to higher E with decreasing ͉m j ͉ and the saturation value of the reaction probability decreases with decreasing ͉m j ͉ ͑see, for instance, Fig. 3 of Ref. 35͒ . This suggests that, at low E, the temperature-induced broadening of the reaction probability curve would increase P r (E;v, j,m j ) more for large ͉m j ͉ than for small ͉m j ͉ and that the measured alignment could be more or less independent of T s . We therefore expect that the requirement of a high T s in the experiment should not really hamper the experimental confirmation of our predictions regarding alignment.
VI. SUMMARY
In this study we have calculated initial-state-resolved reaction probabilities for H 2 ϩCu(100), for the (vϭ0, j ϭ0 -5) and the (vϭ1, jϭ0 -5) states of H 2 , for normal incidence only, modeling the motion in all six degrees of freedom of H 2 . In the quantum dynamical calculations, the symmetry-adapted wave packet method 31 was used. The ground-state potential energy surface used in this study ͑PES IV͒ was taken from density functional theory calculations, with the Cu͑100͒ surface being represented by a slab with application of periodic boundary conditions and using the generalized gradient approximation. 26 We used the recently implemented flux analysis method to obtain initial-stateselective site-specific reaction probabilities for the bridge, hollow, and top sites. 26 Analysis of the site-specific degeneracy-averaged reaction probabilities showed that, for all j levels studied, the initial (vϭ1) H 2 prefers to react at the top site and initial (vϭ0) H 2 at the bridge site, near threshold energies. The mechanism behind the greater reactivity of (vϭ1) H 2 at the top site derives from special features of the PES at the top site, i.e., a reaction path with a large curvature in front of an especially late barrier. 26, 27, 98 Initially vibrationally excited H 2 molecules can be vibrationally deexcited on the way to the barrier, converting their excess vibrational energy into energy of motion along the reaction path, thus reacting at low incidence energies better at the top site. For the initial (v ϭ0) H 2 molecules, the preferred reaction site could be understood solely on the basis of the relative barrier heights ͓the (vϭ0) H 2 reaction site has the lowest barrier to reaction͔.
Site-specific degeneracy-averaged reaction probabilities also showed that, in general, the lateness of the top-site barrier induces a clear elastic rotational enhancement effect: rotational energy can be used to overcome the barrier because the rotational constant is lowered at the barrier, due to the H-H distance being longer. For reaction at the top site, this was found to be the case for both initial (vϭ1) H 2 and initial (vϭ0) H 2 . The absence of azimuthal anisotropy at the topsite barrier also plays a large role, allowing molecules in helicopter states to react without rotational hindering above that site. The bridge site, having an earlier barrier, which is more anisotropic in than the top-site barrier, showed no such behavior. This finding was related to other theoretical studies of reduced dimensionality on the same or similar systems. Because initial (vϭ1) H 2 tends to react at the top site at near threshold energies, the total reaction probabilities show a clear elastic rotational enhancement near threshold for (vϭ1) H 2 . This, by itself, is a signature for top site reaction of vϭ1 H 2 that could be measured in associative desorption experiments. On the other hand, near threshold the reaction of (vϭ0) H 2 shows no rotational enhancement because it reacts at the bridge site. If experimentally measured reaction probabilities would show a clear elastic rotational enhancement effect near threshold for initial (v ϭ1) H 2 and not for (vϭ0) H 2 , this would strongly support our theoretical finding that (vϭ1) H 2 reacts at the top site and (vϭ0) H 2 at the lowest barrier bridge site.
The dependence of the reaction of (vϭ0) and (v ϭ1) H 2 on j that is here predicted for Cu͑100͒ ͓no dependence for (vϭ0), rotational enhancement at low j for (v ϭ1)] differs from that measured for H 2 ϩCu(111).
12 Specifically, on Cu͑111͒ the reaction of H 2 is hindered for low j and rotationally enhanced for jϾ4, for both (vϭ0) and (v ϭ1). The difference between the j dependence of the reaction of H 2 on Cu͑100͒ and Cu͑111͒ was attributed to differences in barrier locations, reaction barriers being later for the Cu͑100͒ surface.
A detailed analysis of the previously found experimental signature, 26, 27 based on the comparison of the (vϭ0) and (vϭ1) rotational quadrupole alignments of reacting H 2 , has been presented for all j levels considered. The observed trends could not be explained by steric hindering arguments alone, as was possible for initial ( jϭ4) H 2 . These arguments are only sufficient to explain the alignment of initial jϭ1, 4, and 5 reacting H 2 . The alignment of reacting ( jϭ2) and ( jϭ3) H 2 is also strongly affected by inelastic rotational enhancement near threshold energies. Near threshold, a mechanism in which the molecule converts its rotational energy into energy in motion along the reaction path may be the only mechanism through which it can react. For (v ϭ1) H 2 , which reacts at a site ͑top͒ which has a very large polar anisotropy, the rotational deexcitation mechanism is especially effective for cartwheel states, lowering the alignment of reacting H 2 near threshold. The inelastic rotational enhancement mechanism is most effective for ( jϭ2) and ( jϭ3) H 2 because rotational deexcitation may occur with small energy gaps for these low-j levels.
All observed trends in the relative heights of the rotational quadrupole alignments of (vϭ1) and (vϭ0) reacting H 2 molecules close to threshold have been shown to correlate to specific features of the PES at the preferred reaction site. This makes the measurement of the relative alignments of (vϭ0) and (vϭ1) reacting molecules suitable for identifying the reaction site, although the interpretation is more complicated than could have been anticipated from previous results for ( jϭ4) H 2 only. Specifically, if the rotational quadrupole alignment of initial (vϭ1, jϭ1, 4, and 5͒ H 2 is measured to be higher than the rotational quadrupole alignment of initial (vϭ0, jϭ1, 4, and 5͒ H 2 at energies close to threshold, this indicates that (vϭ1) H 2 reacts at the top site and (vϭ0) H 2 at the bridge site. If at the same time the rotational quadrupole alignment of reacting (vϭ1, jϭ2) molecules were measured to be lower than for (vϭ0, jϭ2) near threshold, this would support our finding that the reaction of ( jϭ2) cartwheels can be enhanced through a rotationally inelastic mechanism. It would also give further support to our theoretical finding that (vϭ1) H 2 reacts at the top site and (vϭ0) H 2 at the bridge site.
Our predictions can be confirmed in experiments using currently available techniques, provided that detailed balance holds so that reaction probabilities can be inferred from associative desorption probabilities. Specifically, the rotational enhancement signature can be confirmed in associative desorption experiments using time-of-flight techniques and laser detection ͑for instance, resonantly enhanced multiphonon ionization͒ to obtain reaction ͑desorption͒ probabilities that are resolved with respect to the collision ͑desorption͒ energy and the (v, j) level of H 2 . 12 The rotational quadrupole alignment of reacting ͑desorbing͒ H 2 can be measured by performing two different experiments with linearly polarized laser light, taking the polarization normal to the surface in the one experiment and parallel in the other. 13 Confirmation of our predictions for Cu͑100͒ would add significant weight to our belief in the predicting power of present-day functionals ͑based on the generalized gradient approximation͒ of DFT: it would show that DFT can predict the location of the lowest reaction barrier, as well as relative barrier heights and detailed features of the potential at barrier geometries that determine the reactivities for specific initial (v, j,m j ) states of H 2 .
